A systemic inflammatory response of the fetus, reflected by histologic funisitis, is a risk factor for bronchopulmonary dysplasia (BPD). Impaired pulmonary angiogenesis accompanied by simplification and rarification of alveoli is a histologic hallmark of BPD. Angiopoietin-1 mediates vascular development, maturation, and stabilization. Endostatin mainly acts as an angiostatic factor. We hypothesized that funisitis was associated with changes of endostatin and angiopoietin-1 concentrations in the airways and that an imbalance between the factors might be associated with BPD or death. We measured concentrations of angiopoietin-1 and endostatin by enzyme-linked immunosorbent assay in tracheobronchial aspirate fluid samples of 42 ventilated preterm infants during postnatal days 1 through 15. The secretory component for IgA served as reference protein. A standardized histologic examination was used to distinguish three groups: chorioamnionitis, funisitis, and controls without inflammation. Concentrations of the mediators steadily decreased. Funisitis was associated with lower concentrations of both proteins, which might impair their physiologic activities in pulmonary angiogenesis. An increase of the ratio angiopoietin-1/endostatin until day 7 of life indicated a shift of the mediators potentially favoring angiogenesis. However, infants, who developed BPD or died, had a decreased ratio on days 1, 3, and 15, suggesting an imbalance toward inhibition of pulmonary angiogenesis. (Pediatr Res 65: 468-473, 2009) I n extremely premature infants, pre-and postnatal lung injury interferes with normal lung development potentially leading to bronchopulmonary dysplasia (BPD) (1). The typical histologic pattern of BPD is a combination of alveolar simplification and decreased capillary density (2). Evidence from animal models suggest that pulmonary angiogenesis is a prerequisite for normal alveolar development (3,4). Therefore, impaired pulmonary angiogenesis might not only accompany but also cause alveolar simplification in BPD (5). A potential mechanism for disturbed angiogenesis is an imbalance between pro-and antiangiogenic factors triggered by inflammation (5-7).
I
n extremely premature infants, pre-and postnatal lung injury interferes with normal lung development potentially leading to bronchopulmonary dysplasia (BPD) (1) . The typical histologic pattern of BPD is a combination of alveolar simplification and decreased capillary density (2) . Evidence from animal models suggest that pulmonary angiogenesis is a prerequisite for normal alveolar development (3, 4) . Therefore, impaired pulmonary angiogenesis might not only accompany but also cause alveolar simplification in BPD (5) . A potential mechanism for disturbed angiogenesis is an imbalance between pro-and antiangiogenic factors triggered by inflammation (5) (6) (7) .
The angiogenic mediator angiopoietin-1 is the primary agonist of the tyrosine kinase receptor Tie2. Angiopoietin-1 inhibits apoptosis, has chemotactic and mitogenic effects on endothelial cells, and supports the localization of adhesion molecules in endothelial intercellular junctions, thereby stabilizing blood vessels (8) . Angiopoietin-1 promotes differentiation of mesenchymal cells in vascular smooth muscle cells and paracrine secretion of angiopoietin-1 as well as constitutive expression of Tie2 plays a pivotal role in maintaining the integrity of mature quiescent vasculature (8) . Angiopoietin-1-Tie2 interaction inhibits nuclear factor kappa B (9) leading to a reduced transcription of proinflammatory mediators (10) .
Endostatin is activated by proteolytic cleavage from its precursor collagen XVIII (11, 12) . It inhibits endothelial cell proliferation, migration, and tube formation. Gene profiling and protein phosphorylation studies revealed that endostatin is able to downregulate endothelial signaling cascades associated with proangiogenic activity (11, 12) . Simultaneously, it upregulates a multitude of antiangiogenic genes (11, 12) . In cytological studies, it has both anti-as well as proangiogenic effects, depending on dosages and endothelial cell types (13, 14) . Endostatin is consistently found in tracheobronchial aspirate fluid (TAF) of preterm infants in the first weeks of life and in the pulmonary endothelium at different stages of preand postnatal development (15) , suggesting a role in physiologic lung development.
Funisitis, characterized by neutrophilic infiltration, associated with upregulation of vascular adhesion molecules in the vessels of the umbilical cord (16) and activation of endothelial inflammatory processes in the placental capillaries (17) , reflects the most invasive form of prenatal inflammation with a systemic response of the fetus, that has been associated with higher neonatal mortality (18) and BPD (19) .
In our clinical prospective study, we explored the association between prenatal inflammation, concentrations of angiopoietin-1 and endostatin in TAF, the balance between the two factors and respiratory outcome or death in ventilated extremely premature infants. We speculated that a systemic fetal response, reflected by histologic funisitis, could be associated with changes of the factors' airway concentrations and that an imbalance between the factors could be associated with adverse respiratory outcome.
METHODS
Patients. Forty-two infants with a birth weight Ͻ1500 g and a gestational age Ͻ30 wk, who were consecutively admitted to the intensive care unit of the Department of Neonatology, Poznań University of Medical Sciences, Poland, were enrolled in this clinical prospective study after informed parental consent. All patients were inborns. The causes of preterm delivery were preterm premature rupture of membranes/amnion infection syndrome in 19, multiple gestations in 9, abruption of placenta in 5, pregnancy-induced hypertension in 6 cases, a malformation of the uterus in one case, and intrauterine growth restriction in another one. One infant had no overt risk factor. Infants were enrolled if they had to be mechanically ventilated for respiratory distress syndrome within the first 48 h of life. Patients with major congenital malformations were excluded. Conventional mechanical ventilation was used in all patients and adjusted to reach a SpO 2 between 85 and 94%. High frequency oscillation ventilation was used in four patients as rescue therapy. Antibiotic therapy with ampicillin and gentamicin was initiated in all patients. Thirty-six patients had received prenatal steroids. A single dose of hydrocortisone was administered to four infants on days 1, 3, 6, and 9 of life, respectively. Eleven patients received dexamethasone before discharge, but only two in the phase of life when we collected TAF (days 8 and 10, respectively). Twenty-six patients were treated with up to three doses of natural bovine surfactant for respiratory distress syndrome with a need for supplemental oxygen Ͼ40%.
Infants with supplemental oxygen for at least 28 d were assigned to have BPD (20) . According to current definitions, severity of BPD was classified by the need for supplemental oxygen at the age of 36 postmenstrual weeks as mild (no supplemental oxygen), moderate (22-30% oxygen), or severe (Ͼ30% oxygen) (20) . The study was approved by the ethical committees of the faculty of medicine in Würzburg and the Poznań University of Medical Sciences.
Histologic examinations. Two sections of umbilical cord, two sections of placental parenchyma, and one section of a membrane roll were evaluated for neutrophilic infiltrates by two pathologists, unaware of clinical data, according to a recently published protocol (21) . Patients were assigned to three groups according to histologic diagnosis. The first group was characterized by chorioamnionitis and funisitis and will be referred to as funisitis group (n ϭ 17). In the second group, chorioamnionitis without funisitis was diagnosed (chorioamnionitis group, n ϭ 9). The control group consisted of 16 patients without inflammation in placenta, membranes, and umbilical cord.
Sampling, preparation, and storage of TAF. Tracheobronchial aspiration was performed in a standardized manner three times per day on days 1, 3, 5, 7, 10, and 15 of life. After instillation of 0.5 mL NaCl 0.9% into the endotracheal tube, a suction catheter was inserted slightly beyond the distal tip of the tube and TAF was collected in sterile mucus traps (Unomedical, Birkeroed, Denmark). Each specimen was diluted with NaCl 0.9% to a volume of 0.5 mL. Specimens of 1 d were pooled. They were spun at 3000 rounds per minute (rpm) for 5 min. Supernatants were centrifuged again twice at 10,000 rpm for 5 min. The resulting clear supernatants of 1 day were divided into aliquots and stored at Ϫ80°C until further processing.
Angiopoietin-1, endostatin, and secretory component for IgA. Concentrations of angiopoietin-1 and endostatin were measured with commercially available enzyme-linked immunosorbent assay (R&D Systems, Minneapolis, MN). To avoid errors due to the sampling procedure, concentrations were related to the secretory component for IgA (IgA-SC). Levels of IgA-SC in TAF are independent of capillary leak and not affected by gestational or postnatal age during the first month of life (22) . IgA-SC was measured by enzyme-linked immunosorbent assay as previously described (23) . The number of patients in which TAF analysis for angiopoietin-1, endostatin, and IgA-SC could be performed were as follows: control group: day 1, 13 of 16; day 3, 16 of 16; day 5, 15 of 16; days 7 and 10, 14 of 16 and day 15, 11 of 16; chorioamnionitis group: day 1, 7 of 9; days 3-7, 9 of 9; day 10, 8 of 9; day 15, 5 of 9; funisitis group: days 1 and 3, 17 of 17; days 5 and 7, 14 of 17; day 10, 12 of 17 and day 15, 6 of 17.
Statistical analysis. Birth weight, gestational age, and umbilical cord arterial pH were compared between groups using one-way analysis of variance. Values are expressed as means Ϯ SD. All other intergroup differences for continuous variables were assessed by Kruskal-Wallis test followed by Mann-Whitney U test for pairwise comparison. These data are expressed as medians (lower-upper quartile). Sequential values of angiopoietin-1, endostatin, and the ratio angiopoietin-1/endostatin were analyzed by Friedman test for the complete course and by Wilcoxon's rank sum test for pairs. Correction for multiple comparisons was done with Bonferroni's method. Categorical and nominal values were compared by 2 test. Correlations between continuous or ordinal variables were assessed by Spearman's rank correlation coefficient. All tests were two sided, a value of p Ͻ 0.05 was considered significant. Statistical evaluation was performed with SPSS 15 for Windows (Chicago, IL).
RESULTS

Patients.
Clinical characteristics and outcomes of patients are summarized in Table 1 . In the chorioamnionitis group, birth weights were lower than in the control and funisitis group (p ϭ 0.01) but not the gestational age. The maximal blood leukocyte count in the first 3 days of life was higher (p Ͻ 0.001), preterm premature rupture of membranes was more prevalent, and the interval between rupture of membranes and birth was longer in the funisitis group compared with chorioamnionitis and control (p Ͻ 0.001). Administration of prenatal and postnatal corticosteroids or surfactant did not differ between groups. There was no difference in respiratory outcome measures such as duration of mechanical ventilation, incidence of BPD, or duration of oxygen therapy either. Ten infants died until day of life 25. They had highgrade intraventricular hemorrhage (4), overwhelming sepsis (5), or pulmonary hemorrhage (1). Mortality varied significantly between groups (p ϭ 0.02).
Nineteen survivors developed BPD, 13 had mild, 6 moderate, and no infant severe BPD. Table 2 illustrates differences in demographic and clinical parameters between survivors with and without BPD and deaths. Infants who died had a lower gestational age (p ϭ 0.001) and birth weight (p ϭ 0.005) and were more likely to be males (p ϭ 0.025). Survivors who developed BPD received more often postnatal steroids (p ϭ 0.024) and were ventilated for a longer period (p Ͻ 0.001).
In 40 patients, airway secretions were cultured for Ureaplasma urealyticum. The prevalence of this microbe was 11 of 40 patients and did not differ between groups. There was no association between U. urealyticum and respiratory outcome.
Angiopoietin-1 and endostatin in TAF. Concentrations of angiopoietin-1 and endostatin in TAF decreased from day 1 of life to day 15 (p ϭ 0.02 for angiopoietin-1, p Ͻ 0.001 for endostatin). The median angiopoietin-1/IgA-SC was 67.5 pg/g (28.9 -122.7) on day 1 and 30.8 pg/g (9.3-48.3) on day 15 (p Ͻ 0.05), the median endostatin/IgA-SC 1280 pg/g (500 -2770) on day 1 and 305 pg/g (160 -533) on day 15 (p Ͻ 0.01). Figure 1 illustrates the concentrations of both mediators in the groups control, chorioamnionitis, and funisitis. The funisitis group had significantly lower angiopoietin-1/IgA-SC than the control group on days 1-3 (p Ͻ 0.001) and lower values than the chorioamnionitis group on days 5-7 (p ϭ 0.013 and 0.005, respectively, panel A). For endostatin, the pattern was similar (panel B). In the funisitis group, endostatin/IgA-SC was significantly decreased vs. control on days 1-5 and 10 and vs. chorioamnionitis on days 1-10 (p Ͻ 0.01).
Surfactant therapy, postnatal corticosteroids, a hemodynamically relevant patent ductus arteriosus, and colonization with U. urealyticum were not associated with significant alterations of angiopoietin-1/IgA-SC or endostatin/IgA-SC in TAF (data not shown). Concentrations of the mediators were not associated with severity of BPD, death, or the combined outcomes moderate BPD/death and BPD/death (Fig. 2) . Gestational age did not correlate with angiopoietin-1/IgA-SC or endostatin/IgA-SC at any time. This was the same for birth weight and angiopoietin-1/IgA-SC. However, birth weight correlated negatively with endostatin/IgA-SC on days 1 (r ϭ Ϫ0.33), 3 (r ϭ Ϫ0.35), 7 (r ϭ Ϫ0.36), and 10 (r ϭ Ϫ0.43); p Ͻ 0.05, respectively.
Ratio angiopoietin-1/endostatin. The ratio angiopoietin-1/ endostatin for each individual patient and day was calculated to assess the balance between the angiogenic and angiostatic mediator in the infants' airway secretions. For the complete cohort, the ratio increased steadily from day 1 to 7 and then gradually declined (Fig. 3A) . Values were significantly lower on day 1 than on days 5-10 (p Ͻ 0.001), and on day 3 lower than on day 7 (p ϭ 0.001). Surfactant therapy, corticosteroids, PDA, and U. urealyticum were not associated with any changes in the ratio. There was no significant difference between the groups according to prenatal inflammation with the exception of day 3 (Fig. 3B) .
The course of the ratio showed comparable patterns for infants who survived without BPD, who developed BPD or who died. However, the ratio was significantly lower in those infants who developed BPD or died on days 1 (p ϭ 0.01), 3 (p ϭ 0.002), and 15 (p ϭ 0.045) (Fig. 3C) . Sixteen patients, who developed moderate BPD or died, had significantly lower values on day 3 (p ϭ 0.019) and on day 15 (p ϭ 0.01), compared with the remaining 26 infants. In survivors, values were still significantly lower in the BPD group on days 1 (p ϭ 0.037) and 3 (p ϭ 0.009) with a trend to lower values on day 15 (p ϭ 0.073).
DISCUSSION
We found that concentrations of angiopoietin-1 and endostatin in TAF of ventilated extremely premature infants steadily decreased within the first 15 d of life in this clinical prospective study. In our cohort, histologic funisitis, reflecting a fetal inflammatory response syndrome (24,25), was associ- ated with low concentrations of both mediators in TAF, compared with infants who had either experienced a localized inflammation of the placenta and membranes or none.
In vitro, the proinflammatory cytokine interleukin-1␤ was shown to downregulate angiopoietin-1 mRNA expression in human lung fibroblasts (26) potentially leading to reduced concentrations on protein level like in our cohort after systemic fetal inflammation. In a baboon model of BPD, mechanical ventilation was not associated with changes in pulmonary mRNA expression for angiopoietin-1 (27) . However, angiopoietin-1 mRNA was downregulated in lung tissue of very preterm infants after mechanical ventilation as well as mRNA for vascular endothelial growth factor (VEGF) (28) . These data correspond to our findings of steadily decreasing angiopoietin-1 protein concentrations in ventilated extremely preterm infants. Angiopoietin-1 stabilizes VEGF-induced pulmonary capillaries and contributes to enhanced alveolarization (29) . Thus, one might speculate that low airway concentrations of the angiogenic factor after funisitis reflect a predisposition for abnormal pulmonary angiogenesis and abnormal alveolar development, which could be further aggravated by postnatal factors like mechanical ventilation.
Recently, Janer et al. (15) described a steady decrease of endostatin concentrations in TAF of very low birth weight infants over the first weeks of life. In Janer's (15) cohort, the clinical diagnosis of chorioamnionitis was associated with decreased concentrations of endostatin. As the clinical diagnosis of chorioamnionitis often corresponds to the histologic diagnosis of funisitis (25), a considerable number of Janer's "chorioamnionitis" patients would probably have qualified for our funisitis group. Likewise, preterm labor is often induced by clinically silent chorioamnionitis. In this respect, our findings of decreased concentrations of endostatin only with systemic fetal inflammation may specify Janer's (15) data. Janer et al. (15) suggested that lower endostatin concentrations may reflect accelerated lung maturation because they decreased with increasing postnatal age and they negatively correlated with birth weight and with initial lecithin/sphingomyelin ratios in TAF of their cohort. Fetal exposure to inflammation does induce lung maturation (30, 31) , but this maturational effect is accompanied by a predisposition to ongoing pulmonary inflammation induced by postnatal events (32), eventually leading to adverse pulmonary outcome (30) . Besides, decreasing postnatal endostatin concentrations in TAF over time might also reflect the influence of iatrogenic interventions. Prolonged oxygen supplementation for example, was shown to reduce pulmonary endostatin mRNA levels in newborn piglets (33) and prenatal betamethasone was reported to be associated with higher TAF concentrations of endostatin in preterm infants (15) .
Pulmonary angiogenesis is a complex process, which requires the activity of multiple molecules in a specific temporospatial order (34) . A concentration-dependent modulatingrather than only inhibiting-effect of endostatin on embryonic vasculo-and angiogenesis has been demonstrated in vitro (13, 14) . The parallel suppression of angiopoietin-1 and endostatin in the funisitis group might reflect a failure to reach local pulmonary threshold concentrations of both factors necessary for a physiologic activity in lung vascular and alveolar development (13, 14, 34) .
The role of many angiogenesis-modifying factors in human lung development has recently been assessed. Increasing pulmonary expression of endothelial nitric oxide synthase, endothelin-1, and VEGF over gestation with a peak at the gestational age of the infants in our cohort-corresponding to the transition from the saccular to the alveolar phase of lung development-underlines the importance of angiogenesis for the process of alveolarization in human lungs (35) . However, results of studies focusing on the association between postnatal concentrations of these factors in airways of ventilated preterm infants and evolving pulmonary disease have been inconsistent (36 -39) . Respiratory distress and BPD were described to be associated with lower TAF concentrations of endothelin-1 (37) and VEGF (39) in the first days of life or with no changes of endothelin-1 (36) or VEGF (36, 38) at all.
In our cohort, we did not find an association between funisitis and development of BPD (1, 19) or mortality (18) and we did not find an association between the concentrations of angiopoietin-1 and endostatin in TAF and the outcomes BPD or BPD/death either. In both groups, the pattern of gradually decreasing concentrations of the mediators after birth was evident. However, many postnatal factors, which we could not control in our clinical study, contribute to the evolvement of BPD (40) or death (41) .
Clinical data suggest that, besides absolute concentrations, the balance between modulators of angiogenesis plays a role in disease processes involving the lung (42) . The balance between mediators is important for the process of controlling vascular growth and maturation (43) . We used the ratio angiopoietin-1/endostatin in TAF to assess the balance between the two mediators. For the complete cohort, we demonstrated an increase of this ratio in the first week of life, suggesting a shift of the balance between the mediators toward angiogenesis. We cannot preclude that lower ratios could be at least partially due to an increase of endostatin after prenatal steroids as previously demonstrated (15) . Prenatal inflammation was only associated with a lower ratio in the chorioamnionitis group compared with controls on day 3. A reason for this difference could be the lower birth weight in the chorioamnionitis group, which was shown to correlate inversely with endostatin levels by Janer et al. (15) and us. However, one of the limitations of our study is the small size of the chorioamnionitis group, which makes interpretation difficult.
On days 1, 3, and 15 the ratio angiopoietin-1/endostatin of infants who died or developed BPD was significantly lower than for infants without BPD. All infants died before day 28 of life making the diagnosis of BPD impossible. As they had the lowest gestational age and birth weights in our cohort (Table 2) , both being independent risk factors for BPD, we combined the outcomes death and BPD for analysis. However, looking only at survivors still yielded lower ratios with BPD on days 1 and 3. Infants with moderate BPD or death showed lower ratios on days 3 and 15 compared with the remainder. We cannot conclude any causal relationship from this association. However, there is evidence that angiogenesis is a prerequisite for normal alveolar development (4, 44) . A shift of the balance between angiopoietin-1 and endostatin under the influence of postnatal factors like mechanical ventilation, infection, or oxidative stress, might be part of the concert of angiogenic and angiostatic factors, which play roles in the development of BPD (6, 29, 39, 45) .
Our clinical prospective study has several limitations. The associations that we found do not prove a cause-and-effect relationship. Our patient number is small, which precludes control for potential confounders, as stated earlier. In addition, we did not assess activities of the two mediators but only concentrations. However, the wide variations of our values are consistent with those reported in comparable studies (15, 38, 39) .
Our data from a cohort of ventilated extremely preterm infants suggested that a decrease of angiopoietin-1 and endostatin after systemic fetal inflammatory response could predispose these infants for further lung injury, aggravated by postnatal factors. Infants who developed BPD or died showed a temporary decrease of the ratio between the mediators, potentially playing a role for disturbed postnatal pulmonary development. The precise role of both angiopoietin-1 and endostatin for pulmonary morbidity in extremely preterm infants deserves further confirmation from clinical investigations with large sample sizes and appropriate animal models. For the complete cohort it increased until day 7 and then gradually declined. The ratio was significantly lower on day 1 than on days 5-10 (p Ͻ 0.001), and on day 3 lower than on day 7 (p ϭ 0.001). Panel B: There was only a significant difference for the ratio according to severity of prenatal inflammation on day 3 (p ϭ 0.004 for control vs. chorioamnionitis; control ϭ dark gray, chorioamnionitis ϭ gray, funisitis ϭ white). Panel C: The ratio was significantly lower in those infants who developed BPD or died (gray) on days 1 (p ϭ 0.01), 3 (p ϭ 0.002), and 15 (p ϭ 0.045).
